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Stimulation of resting CD4
+ T lymphocytes leads to rapid proliferation and differentiation into effector (Teff) or inducible regulatory (Treg) subsets with specific functions to promote or suppress immunity. Importantly, Teff and Treg use distinct metabolic programs to support subset specification, survival, and function. Here, we describe that the orphan nuclear receptor estrogen-related receptor-α (ERRα) regulates metabolic pathways critical for Teff. Resting CD4 + T cells expressed low levels of ERRα protein that increased on activation. ERRα deficiency reduced activated T-cell numbers in vivo and cytokine production in vitro but did not seem to modulate immunity through inhibition of activating signals or viability. Rather, ERRα broadly affected metabolic gene expression and glucose metabolism essential for Teff. In particular, up-regulation of Glut1 protein, glucose uptake, and mitochondrial processes were suppressed in activated ERRα −/− T cells and T cells treated with two chemically independent ERRα inhibitors or by shRNAi. Acute ERRα inhibition also blocked T-cell growth and proliferation. This defect appeared as a result of inadequate glucose metabolism, because provision of lipids, but not increased glucose uptake or pyruvate, rescued ATP levels and cell division. Additionally, we have shown that Treg requires lipid oxidation, whereas Teff uses glucose metabolism, and lipid addition selectively restored Tregbut not Teff-generation after acute ERRα inhibition. Furthermore, in vivo inhibition of ERRα reduced T-cell proliferation and Teff generation in both immunization and experimental autoimmune encephalomyelitis models. Thus, ERRα is a selective transcriptional regulator of Teff metabolism that may provide a metabolic means to modulate immunity.
glycolysis | fatty acid | oxidative metabolism | mammalian target of rapamycin | AMPK A ctivated CD4 + T cells initiate a program of gene expression that results in the proliferation and generation of effector Tcell subsets (Teff) to promote protective immunity or regulatory T cells (Treg) to suppress inappropriate inflammation (1) . These processes require energy expenditure and biosynthesis (2, 3) and T-cell stimulation triggers a rapid increase in cellular metabolism to support activation and differentiation pathways (4, 5) . We have shown that specific metabolic demands differ between CD4 + T-cell subsets, as Teff cells (Th1, Th2, and Th17) are dependent upon glycolysis, while Tregs use and require lipid oxidation (6) . Contributing to these metabolic phenotypes, the phosphatidyl-inositol 3-kinase (PI3K)/Akt mammalian target of rapamycin (mTOR) and hypoxia-inducible factor 1α (HIF1α) signaling pathways promote glycolysis and cell-surface trafficking of the glucose transporter Glut1, while diminishing lipid oxidation (7) (8) (9) . Conversely, AMPK suppresses mTOR activity and promotes lipid oxidation (6, 10) . The balance between mTOR and AMPK signaling has a proven role in Teff and Treg lineage commitment, with mTOR and HIF1α promoting Teff and AMPK promoting Treg (6, (11) (12) (13) (14) . Importantly, the mechanisms that coordinate T-cell metabolism of Teff and Treg remain poorly understood.
As activated Teff and cancer cells use a similar metabolic program (4, 15), we hypothesized that these cell types share a common transcriptional regulation of metabolism. The orphan nuclear hormone receptor, estrogen-related receptor-α (ERRα), is associated with poor prognosis (16, 17) and tumor growth in breast cancer (18, 19) . ERRα is also known to regulate cell metabolism (20, 21) and Drosophila ERR can promote gene expression to drive carbohydrate metabolism associated with proliferating cells in larval development (22) . In immunity, ERRα −/− mice exhibit increased susceptibility to Listeria monocytogenes infection (23) . Although not previously investigated in lymphocytes, these findings suggest ERRα may regulate genes that contribute to lymphocyte metabolism and activation (20, 21) .
Metabolic control of T-cell function may provide a novel approach to modulate immune responses and here we describe a key role for ERRα in CD4 + T-cell metabolism and Teff fate. ERRα was induced upon T-cell activation and facilitated gene expression and glucose and mitochondrial metabolism required for Teff growth and proliferation. Importantly, both acute and chronic loss of ERRα decreased Teff metabolism and function and reduced morbidity in experimental autoimmune encephalomyelitis (EAE). Treg, however, were only modestly impacted by ERRα inhibition when provided lipids as an alternate fuel. These results demonstrate that Teff CD4 + T-cell subsets selectively use ERRα as a global metabolic regulator to support specification and function.
Results
ERRα Contributes to T-Cell Homeostasis. Because ERRα regulates the transcription of a broad array of metabolic genes (20, 21) , we examined ERRα expression in CD4 + T lymphocyte metabolism and function. Resting CD4 + T cells expressed ERRα, and although ERRα mRNA expression modestly decreased in CD4 + T cells after 1 d of stimulation (Fig. S1A) , ERRα protein expression significantly increased in a CD28 costimulation-dependent manner ( Fig. 1A and Fig. S1 B-D) . Subsequently, Esrra-null (ERRα −/− ) mutant mice, which are lean and exhibit systemic metabolic alterations (23, 24) , were examined to assess the This article is a PNAS Direct Submission.
Data deposition: The microarray data reported in this paper has been deposited in the GenBank database (accession no. GSE33108). 1 To whom correspondence should be addressed. E-mail: jeff.rathmell@duke.edu. Fig. S2 A-C) . Additionally, the number and percentage of ERRα −/− T cells that expressed the activation markers CD25 and CD69 was unchanged or decreased compared with WT controls (Fig. S2 D and E) . Consistent with reduced activation and differentiation of ERRα −/− T cells, stimulation of CD4 + T cells isolated from naive 6-to 8-wk-old ERRα −/− mice resulted in decreased CD44 expression after 24 h (Fig. 1D ) and reduced production of IL-2 and IFN-γ ( ERRα associates with the coactivators peroxisome proliferatoractivated receptor-γ coactivator-1α/β (PCG1α/β) to regulate multiple metabolic pathways (20, 21) and may link lymphocyte metabolism and function. As CD4 + T cells were also found to express PCG-1β (Fig. S3A) , gene expression was analyzed by microarray in resting and stimulated ERRα −/− or WT CD4 + T cells after acute ERRα inhibition by the ERRα inverse agonist XCT790, which promotes acute ERRα degradation (25) , or the chemically distinct ERRα antagonist compound A (18) (Fig.  S3B ). As predicted based on studies of ERRα function in other tissues (20, 21) , gene ontology analysis identified genes broadly involved in metabolic processes ( Fig. S3 C and D) .
To examine metabolic pathways specifically, quantitative RT-PCR arrays were examined for mitochondrial and glucose metabolic gene expression in CD4 + T cells stimulated in the presence or absence of XCT790 ( Fig. 2 A and B) . Importantly, ERRα inhibition led to a broad decrease in electron transport genes and altered expression of numerous genes involved in glucose metabolism ( Fig. 2A) . In particular, dihydrolipoamide S-acetyltransferase (DLAT), a component of the pyruvate dehydrogenase (PDH) complex, was decreased and pyruvate dehydrogenase kinase 1 (PDK1), which inhibits PDH, was increased with XCT790 treatment. Together, this action would decrease pyruvate flux into acetyl-CoA and the tricarboxylic acid (TCA) cycle, even though the expression of several glycolytic genes, including mRNA for enolase 1 (Eno1) and Glut1 (Slc2a1), were increased relative to stimulated control cells ( Fig. 2 A and B) . In addition, cytochrome c (Cyc1) was reduced at both the mRNA and protein levels by ERRα inhibition (Fig. 2 A-C) and carnitine palmitoyltransferase 1a (CPT1a) expression was increased with XCT790 treatment. These data suggested reduced pyruvate flux and electron transport although mitochondrial lipid uptake for β-oxidation may increase ( Fig. 2 A and B) .
Metabolic pathways were next directly measured in ERRα
and WT CD4 + T cells treated with XCT790 or compound A. Although WT and ERRα −/− resting T cells had similar levels of Glut1 expression and glucose uptake before stimulation, and T cells treated with ERRα inhibitor had elevated Glut1 mRNA, ERRα-deficient T cells failed to up-regulate glucose uptake and Glut1 protein expression after 1 d of stimulation compared with WT cells (Fig. 2D and Fig. S4 A and B) . Furthermore, although hexokinase 2 (HK2) mRNA was not significantly changed after ERRα inhibition, HK2 protein was reduced in XCT790-treated cells (Fig. S4C) and hexokinase activity failed to increase in stimulated ERRα-deficient CD4 + T cells (Fig. S4D) . Similar results were obtained in a growth factor-stimulated lymphoid cell line transfected with ERRα shRNAi (Fig. S4 E and F) . In addition, glucose oxidation through mitochondrial and pentose phosphate pathways, glucose-dependent lipid synthesis, mitochondrial membrane potential, and respiration were all reduced in stimulated ERRα-deficient T cells (Fig. 2E and Fig. S4 G-I) . Importantly, ERRα inhibition did not appear to alter initial antigen receptor or costimulatory signals, or decrease cell viability as receptor proximal signals (Fig. S5A) and viability (Fig.  S5B ) in T-cell activation were not detectably affected. Thus, genetic loss, two chemically independent inhibitors, and shRNAi of ERRα each led to widespread failure of stimulated lymphocytes to increase glucose and mitochondrial metabolism.
Acute ERRα Inhibition Results in Growth and Proliferation Defects.
The broad array of metabolic pathways altered in the absence of ERRα suggested a role in T-cell growth and proliferation. Therefore, ERRα −/− and WT CD4 + T cells were stimulated in the presence or absence of XCT790 or compound A to examine lymphocyte activation. Similar to reduced expression of CD44 in ERRα −/− cells, acute ERRα-deficiency inhibited maximal upregulation of CD44 and CD25 at 24 h poststimulation (Fig. 3A) . By 48 h postactivation, CD44 expression was equivalent (Fig.  S5C) . Consistent with normal proximal signaling events (Fig.  S5A) , however, induction of the early activation marker CD69 was not significantly changed by ERRα inhibition (Fig. 3A and Fig. S5C ). Additionally, although vehicle-treated T cells increased twofold in size after 1 d of stimulation, WT T cells failed to efficiently grow when activated in the presence of XCT790 or compound A (Fig. S5 B and D) .
In contrast and despite reduced cytokine production, decreased numbers of effector/memory T cells (Fig. 1) , and multiple metabolic defects (Fig. 2) , ERRα −/− CD4 + T cells increased in cell size with sustained in vitro T-cell receptor (TCR) and costimulatory signals (Fig. S5 B and D) . It was possible that acute and chronic ERRα-deficiency differed in T-cell responses because of developmental compensation for chronic ERRα-deficiency or because XCT790 and compound A acted independently of ERRα. However, neither XCT790 nor compound A altered the growth of ERRα −/− T cells (Fig. S5 B and D) , suggesting a target-dependent action of these compounds and potential compensation with chronic developmental ERRα deficiency.
Similar to regulation of cell growth, assessment of cell proliferation by carboxyfluorescein succinimidyl ester (CFSE; a fluorescent dye that is diluted upon cell division) revealed that acute inhibition of ERRα strongly suppressed CD4 + T-cell proliferation (Fig. 3B ). This decrease in T-cell proliferation correlated directly with the degradation or inhibition of ERRα expression (Figs. S3B  and S6A ). Although the cell-cycle inhibitor p27 was degraded in T cells activated in the presence of XCT790, both cyclin D1 upregulation and DNA synthesis were prevented (Fig. S6 B and C) . The failure of activated T cells to grow and divide when treated with ERRα inhibitors could have been the result of inadequate metabolism or transcriptional suppression of the T-cell activation program. Decreased IL-2 production, however, did not account for inhibition of T-cell proliferation, as the addition of recombinant IL-2 did not rescue proliferation of activated T cells treated with ERRα inhibitors (Fig. 3B) . Similarly, stimulated T cells with transgenic expression of Glut1 (2) also failed to divide when treated with ERRα inhibitors, demonstrating that metabolic defects downstream of glucose uptake contribute to the inhibition of T-cell proliferation in the acute absence of ERRα.
In contrast, ERRα −/− CD4 + T cells were able to proliferate under sustained in vitro TCR and costimulatory signals (Fig. 3B) . Indeed, ERRα −/− CD4 + T cells also increased glycolytic rate and cellular ATP levels upon in vitro stimulation (Fig. 3C and Fig.   S7A ). Importantly, neither XCT790 nor compound A altered the growth, proliferation, glycolysis, or steady-state ATP levels of ERRα −/− T cells (Fig. 3 B and C, and Figs. S5 B and D and S7A), suggesting that the observed effects of these drugs were ERRα-specific. It was possible that developmental compensation in ERRα −/− T cells selectively rescued some metabolic and functional components of T-cell activation. Indeed, although the ERRα-related isoforms ERRβ and ERRγ were undetectable, ERRα −/− CD4 + T cells exhibited alterations in the mTOR and AMPK pathways. The downstream mTOR substrate S6 had increased phosphorylation and TGF-β failed to increase phospho-AMPK in ERRα −/− CD4 + T cells (Fig. S7B ). This imbalance in mTOR activation correlated with diminished TGF-β-dependent Treg generation in ERRα −/− T cells that could be rescued by rapamycin (Fig. S7C) . In support of the theory that elevated 
mTOR activity can render CD4 + T cells independent of ERRα, TSC2
−/− T cells that have constitutive mTOR activity were highly glycolytic and could proliferate even in the presence of ERRα inhibitors (Fig. S7 D and E) . Taken together, these data demonstrate an ERRα-based mechanism for XCT790 and compound A on the metabolism and proliferation of CD4 + T cells and suggest that chronic loss of ERRα led to partial compensation through the mTOR and AMPK pathways.
We next sought to determine if acute pharmacologic inhibition of ERRα could alter T-cell metabolism and proliferation in vivo. CD45.2 + marked OT-II ovalbumin-specific CD4 + T cells were CFSE-labeled and adoptively transferred into CD45.1 + WT recipients followed by ovalbumin immunization and administration of vehicle or XCT790. Three days of treatment with XCT790 reduced ERRα expression in CD4 + T cells in vivo (Fig.  S8A ) and diminished Glut1 up-regulation on antigen-specific CD4 + T cells compared with vehicle-treated counterparts ( Fig.  3D and Fig. S8B ), suggesting lower levels of glucose metabolism. In addition, although T cells from both treated and untreated mice up-regulated CD44 after 3 d, T-cell proliferation was significantly decreased in mice treated with XCT790 (Fig. 3E) .
Acute ERRα Deficiency Can Be Rescued by Lipids. The disruption of T-cell proliferation and function upon acute ERRα inhibition may have been because of suppression of the cell cycle or failure to up-regulate metabolic processes necessary to support cell growth. To directly test if cell metabolism was insufficient for growth, exogenous nutrients were provided to determine if they could rescue T-cell activation defects upon acute ERRα inhibition. Consistent with decreased DLAT and increased PDK1 expression leading to reduced mitochondrial capacity to metabolize pyruvate (Fig. 2 A and B) , addition of methyl-pyruvate (MePyr), a cell-permeable form of the glycolytic end-product pyruvate, failed to restore division of CD4 + T cells stimulated in the presence of XCT790 (Fig. S9A) .
Increased expression of CPT1a (Fig. 2B) suggested that ERRα inhibition may promote lipid metabolism. In agreement with this theory, mass spectrometry-based metabolomic analyses of ERRα-deficient T cells showed elevated levels of long-chain acyl-carnitines indicative of CPT1a conjugation of fatty acids to support mitochondrial oxidation (Fig. S9B) (26) . A fatty-acid mixture of 1:1 oleate and palmitate (FA) was therefore added to cultures in the presence of XCT790 to determine if the provision of excess lipids for mitochondrial metabolism could overcome ERRα inhibition to support cell growth and proliferation. Surprisingly, FA addition rescued mitochondrial membrane potential, ATP levels, and proliferation in XCT790-treated CD4 + T cells (Fig. 3  F and G and Fig. S9C ). These effects did not result from FAmediated inactivation of XCT790, as treatment led to ERRα degradation, regardless of lipid addition (Fig. S9D) . Instead, the ability of FA to rescue mitochondrial metabolism and proliferation of ERRα-inhibitor-treated CD4 + T cells was dependent on lipid oxidation as the CPT1 inhibitor, etomoxir, could suppress FA-mediated proliferation (Fig. S9E) . Thus, failure of T-cell proliferation upon acute ERRα inhibition occurs because of insufficient mitochondrial metabolism that lipids, but not pyruvate, can rescue.
ERRα Is Essential for Teff Metabolism. In addition to growth and proliferation, increased T-cell metabolism is critical for the differentiation of Teff and Treg cells, with Teff preferentially using glycolytic metabolism and Treg using lipid oxidation (6) . To determine the contribution of ERRα to these T-cell fates, naive T cells were polarized in vitro toward Th1, Th2, and Th17 Teff subtypes or Tregs in optimized recombinant cytokine conditions in the presence of XCT790. XCT790 treatment on its own significantly diminished all CD4 + differentiation (Fig. 4A ), likely because of the inability to proliferate and perform essential epigenetic modifications (27) . Although lipid addition rescued Tcell proliferation in initial activation (Fig. 3G) , Teff cells were unable to use lipids to optimally restore cell division or effector function (Fig. 4 A and B) , and only FoxP3 + Treg were efficiently generated by lipid rescue of cell proliferation upon ERRα inhibition. ERRα was also required to sustain function of established Teff, as treatment of differentiated WT but not ERRα −/− T helper cells with XCT790 resulted in decreased percentage of Teff but not FoxP3 + Treg cells (Fig. 4C and Fig. S10A ). Taken together, these results support an acute role for ERRα to facilitate metabolic changes selectively necessary for proliferation and the generation and maintenance of Teff cells.
Reduced Severity of EAE
−/− and WT mice administered vehicle or XCT790 were immunized with myelin oligodendrocyte glycoprotein (MOG) peptide to induce EAE. Consistent with a role for ERRα in Teff generation and maintenance, the percentage (Fig. 5 A and B) and number (Fig. S10B) of MOG-specific IL-17-and IFN-γ-producing CD4 + T cells was decreased in the lymph nodes of ERRα −/− and XCT790-treated mice compared with vehicle-treated WT mice. In contrast, the percentage and number of Treg was similar between all conditions ( Fig. 5C and Fig. S10C ). Ultimately, these differences in Teff between the conditions were reflected in the EAE disease severity (Fig. 5D) . Although ERRα −/− animals did reach a similar maximal clinical score, this was not sustained, suggesting a mild EAE response characterized by reduced generation of Th17 cells (Fig. 5 A and  B) . Furthermore, XCT790-treated and ERRα −/− mice exhibited significantly lower mean clinical scores compared with WT mice throughout the course of the EAE response (P < 0.01). Thus, targeting ERRα as a metabolic regulator of T-cell differentiation and function can limit the size and severity of an immune response in vivo and suggests that ERRα is an important regulator of Teff metabolism and differentiation. Discussion T-cell activation and differentiation are highly energetic processes that require metabolic reprogramming to support the growth and specific functions of Teff and Treg subsets. Although we have previously shown that Teff require glycolytic metabolism and Treg use lipid oxidation (6), the transcriptional regulation that supports these selective metabolic transitions is poorly understood. In addition to the Akt/mTOR pathway (6, 12) , it is essential that cells up-regulate gene expression to allow mitochondria to use glucose as a metabolic fuel to support ATP generation and biosynthesis. Although the transcription factors Myc and HIF1α may play key roles to up-regulate expression of glycolytic genes (14, 28, 29) , our data suggest that ERRα broadly impacts T-cell metabolism and is particularly critical in T cells to reprogram mitochondria to use glucose as an anabolic source (Fig. S10D) . As a gatekeeper between the quiescent oxidative metabolism of resting cells and the highly dynamic process of aerobic glycolysis in activated Teff cells, ERRα is positioned as a transcriptional metabolic regulator of both Teff growth and function.
ERRα has no known endogenous ligands, but is instead regulated by expression, interaction with transcriptional cofactors, and by posttranslational modifications that may be important in T-cell metabolism and activation. ERRα up-regulation was costimulationdependent and not mediated through increased mRNA. The CD28-dependent increase in ERRα expression correlated with the requirement of costimulation for the transition to a highly glycolytic phenotype (30) , and likely occurred through increased protein stability or translation. When expressed, ERRα associates with PGC1α/β to regulate mitochondrial biogenesis and oxidative energy production (31) . ERRα has also been described to associate with and enhance HIF1α activity (32) and the homeobox protein prospero-related homeobox 1, which can inhibit the activity of the ERRα/PGC-1 complex (33) . Additionally, ERRα can be directly acetylated by Sirt1 to dictate its ability to bind to gene targets (34) , further increasing the potential of ERRα-driven metabolic regulation. Ultimately, a key result of ERRα expression and activity appears to be to promote stability or translation of glycolytic proteins and the flux of pyruvate into acetyl-CoA and the TCA cycle, possibly through regulation of DLAT and PDK1 expression. An inability to properly direct glucose to mitochondrial metabolism would lead to decreased lipid synthesis and cell growth, similar to what has been described in ERR-deficient Drosophila (22) .
Although acute ERRα inhibition and ERRα −/− T cells shared many metabolic and functional defects, both in vitro and in vivo, ERRα −/− CD4 + T cells, nevertheless, could up-regulate glycolysis and proliferate when stimulated under optimal conditions in vitro. We cannot fully rule-out contributions of off-target pharmacologic effects of the inhibitors; the inability of either chemically independent inhibitor to alter phenotypes of ERRα −/− T cells provides chemical and genetic evidence for a target-based mechanism for these compounds. However, our data support a compensatory alteration in mTOR and AMPK signaling with chronic ERRα-deficiency that supports glycolysis and proliferation required for development. Although this potential compensation is not understood, the data show a clear role for ERRα in T-cell metabolism in parallel to mTOR, as both acute and genetic ERRα-deficiency leads to profound T-cell metabolic defects and reduced immunity in vivo.
Modulating T-cell metabolism may be a viable approach for regulating an immune response in vivo. Inhibition of ERRα prevented the subsequent metabolic switch required for optimal T-cell activation and resulted in decreased T-cell proliferation, inflammatory cytokine production, and disease morbidity in both immunization and EAE models. The selective sensitivity of Teff to acute ERRα inhibition may be because of the lack of Treg dependence on glucose metabolism (6, 14) and thus provide a means to target Teff and spare Treg. Macrophages also use ERRα (23) and the effects of ERRα inhibition in vivo likely reflect the combined effect of disruption of critical metabolic pathways in multiple cell types. Nevertheless, the altered metabolism of purified T cells upon acute in vitro ERRα inhibition and selective sensitivity of both developing and established Teff also indicates a T-cell-intrinsic role for ERRα.
These data demonstrate a key role for ERRα in the regulation of Teff function and development. In this model, ERRα may play a key role to induce metabolic gene expression to program mitochondria for aerobic glycolysis, while interacting with other transcription factors, such as HIF-1α to regulate glycolytic metabolism (14) . As such, ERRα together with other metabolic regulators, such as mTOR or HIF1α, may provide a unique approach to coordinately regulate the balance between Teff proliferation and function and the generation of suppressive Treg cells. Ultimately, the differential metabolic requirements of Teff and Treg cells (6) and the role of ERRα as a key regulator of cell Teff metabolism, may provide new directions to selectively disrupt Teff generation and function in the treatment of immune diseases.
Methods
Mice and Cells. C57BL/6 mice were obtained from Jackson Laboratories, and Glut1 transgenic and ERRα −/− mice were previously described (2, 24) . Mice were housed and cared for at Duke University under an Institutional Animal Care and Use Committee approved protocol. Media, T-cell isolation and stimulation, immunoblots, surface and intracellular staining, and metabolic 
